Human APOBEC3 (A3) restriction factors provide intrinsic immunity against zoonotic transmission of pathogenic viruses. A3D, A3F, A3G, and A3H haplotype II (A3H-hapII) can be packaged into virion infectivity factor (Vif)-deficient HIVs to inhibit viral replication. To overcome these restriction factors, Vif binds to the A3 proteins in viral producer cells to target them for ubiquitination and proteasomal degradation, thus preventing their packaging into assembling virions. Therefore, the Vif-A3 interactions are attractive targets for novel drug development. HIV-1 and HIV-2 arose via distinct zoonotic transmission events of simian immunodeficiency viruses from chimpanzees and sooty mangabeys, respectively, and Vifs from these viruses have limited homology. To gain insights into the evolution of virus-host interactions that led to successful cross-species transmission of lentiviruses, we characterized the determinants of the interaction between HIV-2 Vif (Vif2) with human A3 proteins and compared them to the previously identified HIV-1 Vif (Vif1) interactions with the A3 proteins. We found that A3G, A3F, and A3H-hapII, but not A3D, were susceptible to Vif2-induced degradation. Alanine-scanning mutational analysis of the first 62 amino acids of Vif2 indicated that Vif2 determinants important for degradation of A3G and A3F are completely distinct from these regions in Vif1, as are the determinants in A3G and A3F that are critical for Vif2-induced degradation. These observations suggest that distinct Vif-A3 interactions evolved independently in different SIVs and their nonhuman primate hosts and conservation of the A3 determinants targeted by the SIV Vif proteins resulted in successful zoonotic transmission into humans.
A ntiviral host restriction factors present in human T cells can potentially inhibit human immunodeficiency virus type 1 and type 2 (HIV-1 and HIV-2, respectively); however, viral mechanisms to counteract these host defenses have evolved, thus leading to productive infections. Understanding the mechanisms involved in these host-virus interactions could lead to important insights into barriers to the zoonotic transmission of pathogenic viruses, mechanisms of virus-host coevolution, and novel antiviral treatment strategies with targeted efforts to restore the natural host defenses. Members of the human apolipoprotein B mRNAediting enzyme catalytic polypeptide-like 3 (APOBEC3 [A3]) family of proteins are potent cellular restriction factors that provide a defense against viral infection by incorporating into virions and targeting nascent viral DNA for deamination of cytidine residues to uridines (1) (2) (3) (4) (5) (6) (7) (8) ; cytidine deamination of the viral DNA leads to lethal hypermutation of the targeted virus. However, both HIV-1 and HIV-2 have accessory proteins, called viral infectivity factors (Vifs) , that can bind to the APOBEC3 proteins to promote their ubiquitination and subsequent proteosomal degradation (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) , thereby suppressing their virion incorporation.
Cellular restriction factors, including APOBEC3 proteins, can potentially serve as barriers to cross-species transmission (19) (20) (21) (22) (23) .
HIV-2 and HIV-1 differ in many ways, including their zoonotic origins (24) . HIV-1 originated by four separate transmission events from great apes: simian immunodeficiency virus (SIV) from chimpanzees (SIVcpz) gave rise to groups M and N, while SIV from gorillas gave rise to group P. For HIV-1 group O, it is less clear whether this group arose via transmission of SIV directly from chimpanzees or gorillas. In the case of HIV-2, eight distinct transmission events of SIV from the sooty mangabey (SIVsm) gave rise to HIV-2 groups A to H. SIVsm Vif was able to support the replication of HIV-1⌬Vif in human H9 cells, indicating that it can induce the degradation of human APOBEC3 proteins (25) . Because the evolutionary histories of HIV-1 and HIV-2 are different, there are distinct differences between the viral genomes, in-cluding the presence or absence of certain accessory proteins. These differences may be attributed in some cases to viral adaptations to new hosts during cross-species transmission events (such as the presence of Vpx in some SIVs, but not in SIVcpz or HIV-1) (23) . In addition, functionally conserved proteins have little homology between their sequences, as is the case with the accessory protein Vif.
Understanding Vif-A3 interactions can provide insights into virus-host interactions. APOBEC3 proteins and other restriction factors exhibit positive selection at certain sites (19, (26) (27) (28) ; specifically, the rate of nonsynonymous changes exceeds the rate of synonymous changes, indicating that specific sites are under evolutionary pressure to select for substitutions. The positive selection is viewed as a result of an arms race between the virus and the host, where a deleterious interaction with a viral protein selects for substitutions at the site of interaction.
In addition to providing insights into virus-host interactions, defining A3-Vif interactions has the potential to lead to the development of novel antiviral agents that interfere with Vif-induced degradation and restore the APOBEC3 defenses of the cell. To date, most studies have focused on defining the interactions between APOBEC3 and Vif from HIV-1 (Vif1), which is responsible for most of the AIDS pandemic. Vif1 interacts with numerous host cell proteins to form a ubiquitin ligase complex consisting of cullin 5, elongin B, and elongin C (29) , RING finger protein 2 (30, 31) , and CBF␤ (32, 33) . Further, Vif1 has several domains through which it binds APOBEC3 proteins, with some regions being specific for certain APOBEC3s (34) (35) (36) (37) (38) (39) . For example, the 40 YRHHY 44 motif of Vif1 is known to play a critical role in inducing the degradation of A3G, while the 14 DRMR 17 region is known to be critical for inducing the degradation of A3C, A3D, and A3F (34) .
Unlike APOBEC3-Vif1 interactions, very few studies have attempted to define the interactions between HIV-2 Vif (Vif2) and the APOBEC3 proteins (11, 13) . There is only ϳ30% amino acid identity between Vif1 from NL4-3 and Vif2 from HIV-2 ROD12 . We hypothesize that the SIVs that gave rise to HIV-1 and HIV-2 possessed mechanisms to evade the human cellular defenses, including the APOBEC3 proteins, in order to achieve successful transmission to the new host species. This hypothesis predicts that the SIV Vif proteins, which evolved to overcome the APOBEC3 proteins in their nonhuman primate hosts, were able to interact with the human APOBEC3 proteins, because the simian APOBEC3 determinants recognized by SIV Vif proteins were conserved in the human APOBEC3 proteins. Two critical questions for understanding the limits to cross-species transmission are how often viruses have evolved successful APOBEC3-Vif interactions and how conserved the APOBEC3 determinants recognized by Vif proteins are across primate species. We sought to define the important regions in Vif2 that are required for interaction with human APOBEC3 proteins to gain a better understanding of the evolution and adaptations acquired by HIV-2 and HIV-1 in their respective Vif proteins to successfully overcome this family of host restriction factors.
We performed alanine-scanning mutagenesis of the N-terminal region of Vif2 and found that some determinants were specifically required to overcome A3G, A3F, or A3H haplotype II (A3H-hapII), while other determinants were required for activity against two or all three APOBEC3 proteins. In addition, we found that A3G and A3F mutants that are resistant to Vif1 are sensitive to degradation by Vif2, and analysis of A3G-A3F chimeras mapped the Vif2-interacting domains to regions different from the regions for the Vif1-interacting domains. These observations suggest that distinct Vif-A3 interactions evolved independently in different SIVs in adaptation to their nonhuman primate hosts and conservation of the A3 determinants targeted by the SIV Vifs resulted in successful zoonotic transmission of HIV-1 and HIV-2 into humans.
MATERIALS AND METHODS
Plasmid construction and cell culture. The pFLAG-A3C, -A3D, -A3F, -A3G, -A3H-hapII, -A3H-hapI, -A3G-D128K, -A3F-E289K, -GFG2, and -FGF4 plasmids were previously described (34, (40) (41) (42) . Myc-A3A-HA was kindly provided by Gisela Heidecker and David Derse (National Cancer Institute-Frederick). The pFLAG-A3B plasmid was constructed by modification of pAPOBEC3B-HA, which was obtained through the AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH, from Bryan R. Cullen (43) . The pcDNA-hVif1 (44) and pCR3.1-Vif2 (45) plasmids were also previously described. Codon-optimized fulllength Vif2 was synthesized with a hemagglutinin (HA) tag on the C terminus and cloned into the BamHI and EcoRI sites of pCR3.1 (Genewiz Inc.). Vif2 mutants were generated by site-directed mutagenesis using a QuikChange II site-directed mutagenesis kit (Stratagene), and APOBEC3 mutants were generated by either site-directed mutagenesis or overlapping PCR.
The modified human embryonic kidney 293T (HEK293T) cell line (46) used for transfections and the HeLa-derived HIV-1 reporter cell line TZM-bl (47, 48) used for infections were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum, 1% penicillin-streptomycin, and 1% glutamine.
APOBEC3 degradation assays. Six-well plates were seeded with 8 ϫ 10 5 HEK293T cells per well 1 day prior to transfection. Transfections were carried out using previously described methods (1, 29, 30) . To assay for degradation of the APOBEC3 proteins, the following plasmids and amounts were used: 0.34 g pFLAG-APOBEC3 plasmids or myc-A3A-HA plasmid, 4.5 g Vif2 plasmid (ϳ0.1:1 molar ratio of A3/Vif2), and 0.2 g pGreen Lantern-1 (pGL) (Gibco BRL) as a positive control for transfections. To maintain equivalent DNA amounts, pcR3.1noMCS or pcDNA3.1noMCS (34) empty vectors were used when needed. To assay for degradation of the A3G/A3F (GF) and A3F/A3G (FG) chimeras, the following plasmids and amounts were used: 0.34 g pFLAG-APOBEC3 plasmids and 0.34 g hVif2-HA plasmid (ϳ1:1 molar ratio of A3/ Vif2-HA). To maintain equivalent DNA amounts, pcR3.1noMCS or pcDNA3.1noMCS empty vectors were used when needed. After 48 h, cell lysates were harvested by removing the medium and rinsing the cells twice with phosphate-buffered saline (PBS). For each well, 250 l of lysis buffer was used. The total protein concentration was determined by the Bradford assay using the Quick Start Bradford 1ϫ dye reagent (Bio-Rad), and samples were normalized with lysis buffer and then mixed with NuPAGE LDS sample buffer (Invitrogen) containing ␤-mercaptoethanol. Western blot assays were performed to detect steady-state expression levels in the absence and presence of Vif2. FLAG-APOBEC3 proteins were detected using a rabbit anti-FLAG polyclonal antibody (Sigma) at a 1:5,000 dilution, and myc-A3A-HA was detected using a rabbit anti-c-myc monoclonal antibody (Sigma) at a 1:5,000 dilution. An IRDye 800CW-labeled goat antirabbit secondary antibody (LI-COR) was used at a 1:10,000 dilution to detect rabbit primary antibodies. To detect ␣-tubulin, mouse anti-␣-tubulin antibody (Sigma) was used at a 1:5,000 dilution, followed by an IRDye 680-labeled goat antimouse secondary antibody at a 1:10,000 dilution (LI-COR). Protein bands were visualized using an Odyssey infrared imaging system (LI-COR) and quantified as previously described (49) .
Virus production and titration. To produce virus, the following plasmids and amounts were used for transfections: 3.33 g of the HIV-1 vector genome pHDV-EGFP (50), 0.67 g of vesicular stomatitis virus glycoprotein (VSV-G) expression plasmid pHCMV-G (51), 0.34 g of pFLAG-A3G or pFLAG-A3F or 0.67 g of pFLAG-A3H-hapII expression plasmid, and 4.5 g of either Vif2 or human Vif1 (hVif1) or 0.34 g of C-terminally HA-tagged and codon-optimized Vif2 (hVif2-HA). Molar ratios (HDV-EGFP/VSV-G/A3) were 1:0.4:0.2 (A3G or A3F), 0.4 (A3H-hapII), or 0.8 (the A3G mutant with five alanine substitutions [the A3GϾ5A mutant]) and either 2.7 (Vif2), 2.5 (hVif1), or 0.2 (hVif2-HA). For the FLAG-A3GϾ5A experiments, the expression of this protein was greatly reduced compared to that of wild-type (WT) A3G at equivalent DNA amounts (data not shown), so the amount of the FLAG-A3GϾ5A expression plasmid was increased to 1.36 g. To maintain equal amounts of DNA, pCR3.1noMCS or pcDNA3.1noMCS empty vectors were used when needed. After 48 h, the virus-containing supernatant was clarified by low-speed centrifugation or filtered through a 0.45-m-pore-size filter, and virus producer cell lysates were used for Western blot analyses, as described above, except that horseradish peroxidase-labeled goat antirabbit or goat antimouse secondary antibodies were used at a 1:10,000 dilution to detect the rabbit anti-FLAG or mouse anti-␣-tubulin primary antibodies, respectively. For Vif1 detection, a rabbit anti-Vif polyclonal antibody (HIV-1 HXB2 Vif antiserum from Dana Gabuzda, AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH) (52) was used at a 1:5,000 dilution. For the Vif2 experiments with mutants with multiple alanine mutations (multiple-alanine mutants), the integrated band intensities for the FLAG-A3 proteins were measured using Nikon Elements software, and the relative degradation was calculated with the value for the no-Vif2 control for each APOBEC3 set equal to 0% degradation. The average A3 degradation for three independent experiments was calculated (with any negative degradation values assigned to be 0% degradation). Virus production was quantitated using a p24 CA enzymelinked immunosorbent assay. TZM-bl cells were seeded in 96-well plates (4 ϫ 10 3 cells per well) 1 day prior to infection. Virus samples were normalized for their p24 CA contents prior to TZM-bl cell infections. The supernatant was removed 72 h later and replaced with an equal volume of PBS and Britelite luciferase solution (Perkin-Elmer). Luciferase enzyme activity was immediately measured using a LUMIstar Galaxy luminometer or a 1450 MicroBeta JET detector (PerkinElmer). Spearman correlation coefficients (r s s) were calculated from the averages of the relative infectivity versus degraded APOBEC3 protein.
Virus production in CEM2n cells. CEM2n cells (6 ϫ 10 6 cells in 2 ml medium) were transfected using nucleofection (nucleofected) with HDV-GFP, VSV-G, and either control pCR3.1 DNA, WT Vif2-HA, or Vif2-HA mutant VPGϾ3A, KVGϾ3A, or WAWϾ3A using a Amaxa Nucleofector II kit, program 001. At 3 h after transfection using nucleofection, the medium was replaced with 750 ml of fresh medium; 48 h later, virus was harvested and used to infect TZM-bl cells, and luciferase activity was determined 48 h after infection of the TZM-bl cells.
Co-IP assays. Anti-FLAG coimmunoprecipitation (co-IP) assays were done as previously described (34, 40) . HEK293T cells were seeded in a 100-mm-diameter dish (4 ϫ 10 6 cells per dish) and transfected. The following DNA amounts were used for the co-IP assays with A3B-A3H: 5 g pFLAG-APOBEC3 plasmids, 0.5 g hVif2-HA plasmid, and 1.8 g pGL as a positive control for the transfections. To maintain equivalent DNA amounts, pCR3.1noMCS or pcDNA3.1noMCS empty vectors were used when needed. After 48 h, the medium was removed and the cells were rinsed twice with PBS. Lysis buffer (1 ml) was added, total cell extracts were harvested, and samples for co-IP were prepared as previously described (34) . To detect eluted complexes as well as the input cell lysates, Western blotting was performed. The APOBEC3 proteins were detected using a rabbit anti-FLAG polyclonal antibody (Sigma) at a 1:5,000 dilution, the hVif2-HA proteins were detected using a mouse anti-HA monoclonal antibody (Sigma) at a 1:5,000 dilution, and ␣-tubulin was detected using mouse anti-␣-tubulin antibody (Sigma) at a 1:5,000 dilution. Rabbit and mouse primary antibodies were detected using 1:10,000 dilutions of an IRDye 800CW-labeled goat antirabbit secondary antibody (LI-COR) or an IRDye 680-labeled goat antimouse secondary antibody (LI-COR). Protein bands were visualized using an Odyssey infrared imaging system (LI-COR).
RESULTS

APOBEC3
binding and sensitivity to Vif2. To characterize APOBEC3-Vif2 interactions, we coexpressed human APOBEC3 and Vif2 proteins and used Western blotting to determine the sensitivity of each human APOBEC3 protein to Vif2-induced degradation ( Fig. 1A and B) . In this assay, we compared the level of HEK293T cells that were cotransfected with A3 expression plasmids and either empty vector or Vif2 expression plasmids were analyzed. (A) Sensitivity of human A3 proteins to Vif2. Cell lysates were analyzed by quantitative Western blotting using an anti-myc antibody to detect myc-A3A, an anti-FLAG antibody to detect FLAG-A3B, -A3C, -A3D, -A3F, -A3G, -A3H-hapI, and -A3H-hapII, or an anti-␣-tubulin antibody to detect ␣-tubulin. Triangles, lanes derived from the same blot with extraneous lanes were removed; lanes ϩ, with Vif2; lanes Ϫ, without Vif2. (B) The A3 band intensities were normalized by the ␣-tubulin intensities, and the relative A3 protein levels (FLAG or myc) in the presence of Vif2 were calculated as a percentage of the amount of A3 protein in the absence of Vif2 (set equal to 100% for each A3 protein). A3H-hapI was not quantitated due to the low signal intensity in the absence of Vif2. The average of two independent experiments is shown; error bars indicate standard deviations. (C) Co-IP assays to determine binding of Vif2 to A3 proteins. HEK293T cells were cotransfected with FLAG-A3 expression plasmids and hVif2-HA expression plasmids. Cell lysates and immunoprecipitated proteins were analyzed by Western blotting using anti-FLAG and anti-HA antibodies to detect FLAG-A3 and hVif2-HA proteins, respectively. ␣-Tubulin was also detected in the cell lysates as a loading control.
APOBEC3 protein in the absence of Vif2 to that in the presence of Vif2. The results indicated that A3A is insensitive (no degradation was observed) and A3D has very little sensitivity to Vif2-induced degradation (Ͼ80% of A3D remained in the presence of Vif2). A3B and A3F had intermediate sensitivity (63% and 56% of A3B and A3F remained, respectively), while A3C, A3G, and A3H-hapII were all highly sensitive to Vif2-induced degradation (Ͻ25% of A3C, A3G, or A3H-hapII remained). We also examined A3H-hapI sensitivity, but because this protein is unstable in the absence of Vif2, very little of the protein was detectable even in the absence of Vif2, and it was not possible to reliably quantify its sensitivity. Next, we examined the binding of Vif2 to the APOBEC3 proteins. To do so, we cotransfected C-terminally tagged Vif2 and FLAG-tagged APOBEC3 expression plasmids and performed co-IP assays using anti-FLAG antibody (Fig. 1C) . Because there are currently no commercially available antibodies against native Vif2, it was necessary to use the C-terminally HA-tagged and codon-optimized Vif2 (hVif2-HA) for Western blotting (Fig. 1C) . We determined that hVif2-HA was pulled down in the presence of each of the FLAG-tagged APOBEC3 proteins, indicating that hVif2-HA can bind to these APOBEC3 proteins.
Identification of distinct regions of Vif2 involved in inhibition of A3F and A3G. We previously used alanine-scanning mutagenesis to identify two distinct regions in the first 60 amino acids of Vif1 that are critical for neutralization of A3F and A3G (34, 40, 42) . An alignment of the N termini of Vif1 and Vif2 shows that these proteins are dissimilar ( Fig. 2A) . To determine how Vif2 counteracts the human APOBEC3 proteins, the first 60 amino acids in Vif2 were targeted for multiple-alanine-scanning mutagenesis; in addition, a mutant with double alanine substitutions of amino acids 61 and 62 was constructed. Amino acids that were not conserved between Vif2 and SIVsm Vif (Vif2 amino acids 6, 28, 32, 37, and 39) were excluded because residues critical for degradation of human APOBEC3 proteins were expected to be conserved between these two Vifs. In addition, Vif2 is known to functionally complement Vif-deficient HIV-1, so to evaluate the effects of alanine mutations on Vif2 function, the ability of the alanine substitution mutants to neutralize A3G and A3F was examined by determining their ability to rescue the infectivity of p24 CA-normalized HIV-1⌬vif in TZM-bl cell infectivity assays (Fig.  2B ). The average relative infectivity compared to that for the noVif/no-APOBEC3 control was 0.3% in the presence of A3G without Vif2 and 59.7% in the presence of A3G and Vif2. For A3F, the average relative infectivity was 8.0% in the presence of A3F without Vif2 and 40.8% in the presence of A3F and Vif2.
In the presence of A3G, mutant 1 (E2-E3-D4Ͼ3A), mutant 5 (V15-P16-G17Ͼ3A), mutant 6 (R18-M19-E20Ͼ3A), and mutant 15 (W49-A50-W51ϾASA) were able to rescue infectivity to a statistically significant level compared to that for the no-Vif2 control. In the presence of A3F, only mutants 14 (K46-V47-G48Ͼ3A) and 15 (W49-A50-W51ϾASA) were able to significantly rescue infectivity compared to that for the no-Vif2 control. Overall, most Vif2 multiple-alanine mutants were severely dysfunctional in their activity against A3G and A3F.
Because most of the Vif2 multiple-alanine mutants lost function against A3G and A3F, it is possible that the Vif2 mutants have a nonspecific defect, such as folding or decreased expression. Because there is no commercially available antibody against native Vif2, the protein expression levels of these Vif2 mutants could not be detected. To overcome this issue, we tested the functionality of the Vif2 multiple-alanine mutants against A3H-hapII, a more distantly related member of the APOBEC3 family that is able to inhibit HIV-1 and is sensitive to wild-type Vif2. Mutant 1, mutant 5, mutant 8 (S24-L25-V26Ͼ3A), mutant 9 (K27-L29-K30Ͼ3A), mutant 10 (Y31-T33-K34Ͼ3A), mutant 11 (D35-L36-K38Ͼ3A), mutant 13 (P43-H44-H45Ͼ3A), and mutant 14 were able to significantly rescue infectivity in the presence of A3H-hapII compared to that for the no-Vif2 control (23.5%). These data suggest that at least one amino acid that was altered in each of the mutants 8, 9, 10, 11, and 13 is important for inducing the degradation of both A3G and A3F but not that of A3H-hapII. Interestingly, mutants 1 and 5 retained their function against A3G and A3H-hapII but did not retain their function against A3F, suggesting that there are two distinct regions in Vif2 that are important only for A3F. Also, statistical analysis indicated that mutant 6 retains significant function against A3G but not A3F. Mutant 6 had partial function against A3H-hapII, but its function was not statistically significantly different from that for the no-Vif2 control. Taken together, these data indicate that the residues that were mutated in mutants 1, 5, and 6 (labeled F box in Fig. 2B ) are specifically required for A3F neutralization. Likewise, mutant 14 contained changes to residues that were important for A3G but not A3F, and the residues in these regions are labeled G box in Fig.  2B . Mutant 15, which retained its function against A3G and A3F, did not retain its function against A3H-hapII, suggesting that this region of Vif2 is specifically important for A3H-hapII (labeled H box in Fig. 2B ). Together, these data indicate that, like Vif1, Vif2 evolved to recognize different APOBEC3 proteins through distinct regions. In addition, like Vif1, some determinants of Vif2 are important for inducing degradation of more than one APOBEC3 protein.
Because mutants 2 to 4, 7, 12, and 16 to 19 did not retain the ability to rescue infectivity above background levels, these mutants are either important for neutralization of all APOBEC3 proteins tested or have a general defect that abrogated their ability to neutralize A3F, A3G, and A3H-hapII. Further testing of the amino acids in these regions is required to distinguish between these possibilities.
CEM2n cells were previously reported to express A3G, A3F, and A3H (53) . To determine whether the residues in the F, G, and H boxes of Vif2 are important for the infectivity of viruses produced in the presence of native levels of A3 proteins, CEM2n cells were nucleofected with pHDV-EGFP and either empty vector, WT Vif2, or multiple-alanine mutant VPGϾ3A, KVGϾ3A, or WAWϾASA. Viral infectivity was determined by p24 CA-normalized HIV-1⌬vif in TZM-bl cell infectivity assays (Fig. 2C ). The infectivity of the no-Vif control (empty vector) was significantly reduced compared to that of the WT Vif2 control, suggesting that native A3 protein expression in the nucleofected CEM2n cells was sufficient for inhibition of the viruses produced in the absence of Vif. Interestingly, rescue of viral infectivity was deficient when KVGϾ3A was used to complement Vif-deficient HIV. Because KVGϾ3A is nonfunctional against A3G, these data indicate that native A3G inhibited the virus. The viruses produced in the presence of either the VPGϾ3A or the WAWϾ3A mutant did not have severely reduced infectivity, strongly suggesting that the levels of A3F and A3H in CEM2n cells are too low to significantly inhibit HIV-1 in a single cycle of replication. These data agree with previously published results from us and other investigators indicating that A3G expression is sufficient to substantially inhibit HIV-1 replication in T cell lines, while A3F does not exert a strong antiviral effect in early infections (41, 54) but can inhibit an A3G-specific Vif mutant in multiple cycles of replication (41) . However, results from another study suggest that A3F levels in CEM2n cells are sufficient to inhibit HIV-1 replication (53).
In addition to assessing the Vif2 mutant function in infectivity rescue experiments, Western blots were also performed on the producer cell lysates for the viruses used for the assay whose results are presented in Fig. 2 to detect the degradation of A3G, A3F, and A3H-hapII (Fig. 3A) . These data indicate that nearly complete Effects of multiple alanine mutations in Vif2 on HIV-1⌬vif infectivity in the presence of A3G, A3F, or A3H-hapII in HEK293T cells. Viruses were produced from HEK293T cells that were transfected with pHDV-EGFP, expression plasmids for VSV-G, A3G, A3F, and A3H-hapII, and either empty vector, WT Vif2, or mutant Vif2. Amino acid substitutions are shown for the multiple-alanine-substitution mutants, numbered 1 to 19. Dashed lines, inhibition of virus infectivity by A3G, A3F, or A3H-hapII in the absence of Vif2. Error bars indicate standard errors of the means (SEMs) of the results from three infectivity experiments. All comparisons were made on the basis of the results for the no-Vif2 controls for each A3 protein using two-tailed Student's t test. A P value of Ͻ0.05 was considered statistically significant ‫.)ء(‬ The F box labels indicate Vif2 mutants that had no activity against A3F but retained activity against A3G and/or A3H-hapII. The G box label indicates the Vif2 mutant that had no activity against A3G but retained activity against A3F and A3H-hapII. The H box label indicates the Vif2 mutant that had no activity against A3H-hapII but retained activity against A3G and A3F. Mutants 2 to 4, 7, 12, and 16 to 19 lost activity against all three A3 proteins. (C) Effects of multiple alanine mutations in Vif2 on HIV-1⌬vif infectivity in the presence of A3G, A3F, or A3H-hapII in CEM2n cells. Viruses were produced from CEM2n cells that were nucleofected with pHDV-EGFP and either empty vector, WT Vif2, or the indicated multiple-alanine mutants of Vif2 that specifically blocked A3F, A3G, or A3H-hapII. Relative infectivity was determined for two independent virus stocks by infection of TZM-bl cells with p24 CA-normalized virus and quantitation of luciferase activity at 72 h postinfection. The infectivity in the absence of Vif2 was set equal to 1.0. All comparisons were made on the basis of the results for the Vif2 control for using two-tailed Student's t test. A P value of Ͻ0.05 was considered statistically significant ‫.)ء(‬ degradation of A3G was required for the rescue of HIV-1 infectivity by Vif2 or its mutants (e.g., see the lanes for Vif2 mutants 1, 5, 6, and 15 in Fig. 3A) . The data also indicate that some Vif2 mutants could cause extensive, yet incomplete degradation of A3G (e.g., see the lanes for Vif2 mutants 10, 11, 13, and 14 in Fig. 3A) ; the amounts of A3G remaining were sufficient to inhibit HIV-1. To account for variation between experiments, the average APOBEC3 degradation from three independent experiments was determined and used in scatter plots of the average relative infectivity versus the average APOBEC3 degradation. These data were used to determine Spearman's rank correlation coefficient (r s ϭ 0.86), indicating a strong positive relationship between relative infectivity and Vif2-induced A3G degradation (Fig. 3B) . Likewise, cell lysates for virus production in the presence of A3F or A3H-hapII were analyzed by Western blotting. Nearly complete degradation of A3F and A3H-hapII was required for the statistically significant rescue of HIV-1 infectivity. Spearman's rank correlation coefficients indicated strong positive relationships between relative infectivity and Vif2-induced A3F degradation (r s ϭ 0.85; Fig. 3C ) or Vif2-induced A3H-hapII degradation (r s ϭ 0.94; Fig. 3D ).
FIG 3
Effects of Vif2 and its multiple-alanine-substitution mutants on A3G, A3F, and A3H-hapII steady-state levels. (A) Cell lysates of the viral producers in Fig.   2 were analyzed by Western blotting using anti-FLAG or anti-␣-tubulin antibodies. The numbers above the lanes correspond to the Vif2 mutant (as labeled in Fig. 2 ) that was present in the cotransfection. The results are representative of those from three independent experiments. Triangle, lanes derived from the same blot with extraneous lanes were removed. (B to D) Correlation between relative infectivity in the presence of A3G (B), A3F (C), or A3H-hapII (D) and Vif-mediated degradation by different multiple-alanine-substitution Vif2 mutants. The Western blot bands of FLAG-A3 and ␣-tubulin in the producer cell lysates for the viruses used in the infectivity assay whose results are shown in Fig. 2 were quantitated using Nikon Elements software. Spearman's rank correlation coefficients (r s s) were calculated and are indicated in the correlation plots. All calculated r s values were greater than the critical value (0.576, n ϭ 21) for a significance (␣) level of 0.005, indicating a strong correlation between infectivity and A3 degradation.
Identification of specific Vif2 residues involved in inducing degradation of A3F and A3G. After identification of the F box and G box regions, we performed single alanine substitutions in the residues substituted in mutants 5, 6, 13, and 14 to determine which residues contribute to the ability of Vif2 to neutralize A3F and/or A3G. We included mutant 13 (P43-H44-H45Ͼ3A) in this analysis because it was adjacent to the G box and aligned with the 40 
YRHHY
44 motif in Vif1, which was previously shown to be important for degradation of A3G but not that of A3F. Again, we assessed the function of these single-alanine mutants by determining their ability to complement HIV-1⌬vif (Fig. 4A) . The average relative infectivity in the presence of A3G without Vif2 was Ͻ1% compared to that for the no-Vif/no-APOBEC3 control, and that in the presence of A3G with Vif2 was 77% compared to that for the infectivity in the presence of A3G and A3F. Viruses were produced and infectivity was determined as described in the legend to Fig. 2 . Data are plotted as relative infectivity levels, with the level in the absence of any A3 protein being set equal to 100%. Dashed lines, inhibition by A3G or A3F in the absence of Vif2. Error bars indicate standard errors of the means (SEMs) of the results from three to four infectivity experiments performed with independent virus stocks. All comparisons were made on the basis of the results for no-Vif2 controls for each A3 protein using two-tailed Student's t test. A P value of Ͻ0.05 was considered statistically significant ‫.)ء(‬ Boxes indicate mutants which retained significant activity against A3G but not A3F (solid) or retained significant activity against A3F but very little activity against A3G (dotted). (B) Effects of Vif2 on the degradation of A3G and A3F. Cell lysates of the viral producers for which the results are presented in panel A were analyzed by Western blotting using anti-FLAG or anti-␣-tubulin antibodies. The results are from one representative experiment of three independent experiments. (C) Summary of Vif2 mutational analysis. The alignment of the Vif1 and Vif2 N-terminal 60 amino acids is shown. Dots, amino acid identity; dashes, gaps; fuchsia boxes, multiple-alanine mutants or single-amino-acid-substitution mutants that lost activity against A3F but not A3G and/or A3H-hapII; green box labeled G, G48 single-amino-acid-substitution mutant that lost activity against A3G but not A3F; blue box, multiple-alanine-substitution mutant that lost activity against A3H-hapII but not A3G or A3F; gray box, multiple-alanine-substitution mutants that lost activity against A3G and A3F but not A3H-hapII; black boxes, multiple-alanine-substitution mutants that lost activity against A3G, A3F, and A3H-hapII.
control. For A3F, the average relative infectivity was 13% in the presence of A3F without Vif2 and 50% in the presence of A3F with Vif2. The rescue of infectivity for a given Vif2 mutant in the presence of A3F or A3G was compared to the inhibition of infectivity in the presence of these APOBEC3 proteins without any Vif2 (dotted lines in Fig. 4A ). All Vif2 mutants with single mutations in the F box rescued infectivity to statistically significant levels compared to that for the no-Vif2 control in the presence of A3G (Fig. 4A) . Most of the F box mutants had at least some function against A3F compared to that of the no-Vif2 control; however, only the V15A, G17A, and R18A mutants rescued infectivity to statistically significant levels compared to that of the no-Vif2 control, while the P16A, M19A, and E20A mutants did not. Among these, the P16A mutant seemed to be especially important since it had the smallest amount of activity against A3F. Western blots were also performed on the lysates of cells that produced the viruses used for the assay whose results are presented in Fig. 4A to detect Vif2-induced degradation of A3G and A3F (Fig. 4B) . Each Vif2 mutant with a single mutation in the F box induced degradation of A3G to some extent, and the V15A, G17A, and R18A mutants induced the degradation of A3F, while the P16A, M19A, and E20A mutants induced little to no A3F degradation. Together, these data suggest that P16, M19, and E20 are important for Vif2's ability to overcome the antiviral activity of A3F but are less important for blocking the antiviral activity of A3G.
Among the single-amino-acid mutants derived from mutants 13 and 14, all single mutants except H45A significantly rescued viral infectivity in the presence of A3G compared to that for the no-Vif2 control. The G48A mutant showed a very low level of activity against A3G but significant activity against A3F, indicating that this amino acid is important for Vif2's ability to overcome the antiviral activity of A3G but not that of A3F. The P43A, H44A, and V47A mutants significantly rescued virus infectivity in the presence of A3G but not A3F, indicating that these amino acids are specifically important for Vif2's ability to overcome the antiviral activity of A3F but not that of A3G. Western blot data for the viral producer cell lysates showed that each Vif2 single mutant with a mutation in the G box induced degradation of A3G to some extent, although the H45A and G48A mutants were the least efficient (Fig. 4B) . Degradation of A3F was induced with the P43A, H44A, K46A, and G48A mutants, while the H45A and V47A mutants poorly induced the degradation of A3F, consistent with their poor ability to rescue infectivity compared to that of wild-type Vif2. Taken together, the P16A, M19A, E20A, P43A, H44A, and V47A mutants were defective in their ability to rescue virus infectivity in the presence of A3F; of these, the P16A mutant appears to be especially important since it had the least amount of activity against A3F. Only the G48A mutant was defective in its ability to rescue virus infectivity in the presence of A3G but not A3F.
A summary of the Vif2 mutational analysis is shown in Fig. 4C . The residues shown in fuchsia indicate a multiple-alanine mutant or single amino acids that are critical for the degradation of A3F, the G48 residue underlined in green is critical for degradation of A3G, and the multiple alanine mutation underlined in blue contains a determinant that is critical for the degradation of A3H-hapII. The multiple-alanine mutants and H45A underlined in gray contain determinants that are critical for the degradation of A3G and A3F but not that of A3H-hapII. Finally, the multiplealanine mutants underlined in black have lost the ability to degrade A3G, A3F, and A3H-hapII and may be important for the overall structure and function of Vif2.
Vif2 can efficiently induce the degradation of Vif1-resistant A3G and A3F. Previously, we and others found that the determinant in A3G for Vif1-induced degradation includes D128 and the surrounding residues (45, 55-57), and we found that the critical determinant in A3F for Vif1-induced degradation includes E289 and the surrounding residues (42, 58) . A3G D128K and GFG2 mutants (9) and A3F E289K and FGF4 mutants (7), were previously shown to be resistant to Vif1-induced degradation (Fig. 5A) . The GFG2 mutant has substitutions in A3G, with the corresponding residues in A3F being as follows: F126Y, D128E, P129R, and Q132R (31) . The FGF4 mutant (29) has substitutions of nine amino acids of A3F, with the corresponding residues from A3G being as follows: G285Q, V287M, E289K, L291I, A292S, R293K, H294N, S295K, and N296H.
Here, we wanted to assess whether mutations in these determinants of A3G and A3F that confer resistance to Vif1 also confer resistance to Vif2. Infectivity assays were used to compare the abilities of Vif1 and Vif2 to neutralize these A3G and A3F mutants (Fig. 5B) . As expected, the A3G D128K and GFG2 mutants were resistant to Vif1, as were the A3F E289K and FGF4 mutants; in contrast, Vif2 could efficiently rescue virus infectivity in the presence of these Vif1-resistant mutants. Western blot analyses were also performed on the lysates of cells used to produce the viruses analyzed in the assay whose results are presented in Fig. 5B to detect the Vif1-or Vif2-induced degradation of A3G and A3F (Fig. 5C) . Consistent with the infectivity data, A3G mutants D128K and GFG2 as well as A3F mutants E289K and FGF4 were resistant to Vif1-induced degradation, while each of these mutants was readily degraded by Vif2.
Because D128 and surrounding residues in A3G have been shown to play an important role in numerous A3G proteins from various primate species and it has been suggested that Vif2-induced degradation of A3G may be dependent on residues 128 to 130 (12), we wanted to further test the potential role of this region in Vif2 susceptibility. Because it is possible that the substitutions used in the GFG2 mutant either introduced A3F's Vif2-binding site or were too structurally conservative, we targeted D128 and the surrounding region in A3G by mutating five residues (D128, P129, D130, Q132, and E133) to alanines to create the A3GϾ5A mutant (Fig. 6A) . The single-round infectivity assays whose results are shown in Fig. 6B and the Western blotting results shown in Fig. 6C indicated that the A3GϾ5A mutant was resistant to Vif1 but sensitive to Vif2, indicating that these amino acids of A3G did not play a role in the Vif2-mediated degradation of A3G.
Analysis of A3G/A3F chimeras suggested that the region in A3F that mediates sensitivity to Vif2 is in the N-terminal half of A3F (the data are shown in Fig. 7 and discussed later) . Therefore, we hypothesized that the region in A3F (   127   ERDYRR   132 ) that is homologous to the region in A3G that contains D128 (   128   DPDYQE   133 ) is critical for Vif2-mediated degradation of A3F. To test this hypothesis, we generated the mutant A3FϾ5A, in which the 127 ERDYRR 132 amino acids were replaced with AAAYAA (Fig.  6A) . However, the single-round infectivity assays whose results are shown in Fig. 6B and the Western blotting assays whose results are shown in Fig. 6C indicated that the A3FϾ5A mutant was sensitive to Vif2 as well as Vif1, demonstrating that this region of A3F is not important for Vif2-mediated degradation.
Recently, Letko et al. reported that the P129D mutant of A3G is resistant to degradation by both Vif1 and Vif2 (11) . However, our GFG2 and A3GϾ5A mutants, which contain the P129R and P129A mutations, respectively, were sensitive to Vif2 (Fig. 5 and 6,  respectively) . To further analyze the role of P129, we generated P129D and P129A mutants and analyzed their sensitivity to Vif1 and Vif2 (Fig. 6B) . The single-round infectivity assays showed that P129D was resistant to Vif2 as well as Vif1, whereas P129A was resistant to Vif1 but sensitive to Vif2. The sensitivity of these mutants to Vif1-and Vif2-mediated degradation was also analyzed by Western blotting (Fig. 6C) . The Western blotting results confirmed the findings of the infectivity assays and showed that the A3GϾ5A, D128K, and P129A mutants were all resistant to Vif1 and sensitive to Vif2-induced degradation; only the P129D mutant was resistant to both Vif1 and Vif2. Taken together, these results indicate that D128 and the surrounding region are not involved in Vif2-mediated degradation of A3G. However, the P129D mutation confers resistance to Vif2, perhaps by inducing a conformational change that alters the structure of another distal domain that interacts with Vif2. To further analyze the region surrounding D128 in A3G, we determined the sensitivity of the A3G-W127A mutant, which has been shown to be deficient in virion incorporation (59) (60) (61) . Because this mutant lacks antiviral activity, we tested the ability of Vif1 and Vif2 to induce the degradation of A3G-W127A by Western blotting (Fig. 6D) . The results showed that the W127A mutant was depleted in the presence of Vif2 as well as Vif1, indicating that it is not involved in Vif2-mediated degradation of A3G.
Sensitivity of A3G/A3F chimeras to Vif2-mediated degradation. We previously constructed and analyzed a series of A3G/A3F (GF) and A3F/A3G (FG) chimeras that retained their antiviral activity (40) . The structures of the GF and FG chimeras and their sensitivities to Vif2-mediated degradation, determined by quan- interaction determinants and surrounding residues in A3G and A3F are shown extending out from each protein. Important determinants for Vif1 interactions are shown in bold, and single residues critical for Vif1-induced degradation used in this study are underlined (D128 in A3G and E289 in A3F). Residues that are mutated in the GFG2, D128K, FGF4, and E289K mutants are shown below the wild-type residues. Dashes, residues that were not mutated. (B) Vif2 rescue of HIV-1⌬vif infectivity in the presence of A3G and its mutants or A3F and its mutants. Viruses were produced and infectivity was determined as described in the legend to Fig. 2 . Data are plotted as relative infectivity levels, with the level in the absence of any A3 protein being set equal to 100%. Error bars indicate standard errors of the means (SEMs) of the results from 2 to 6 infectivity experiments performed with independent virus stocks. All comparisons were made on the basis of the results for no-Vif controls for each A3 protein using two-tailed Student's t test. A P value of Ͻ0.05 was considered statistically significant ‫.)ء(‬ (C) Effects of Vif2 on the degradation of A3. Cell lysates of the viral producers for which the results are shown in panel B were analyzed by Western blotting using anti-FLAG or anti-␣-tubulin antibodies.
titative Western blotting, are shown in Fig. 7A and B. The results showed that the chimera G 99 F 99 (a chimera that contains amino acids 1 to 99 from A3G and amino acids 99 to 373 from A3F) and the chimera G 120 F 120 were sensitive to Vif2-mediated degradation, and the amounts of APOBEC3 proteins remaining were 18 and 23% of the amount for the no-Vif2 control, respectively; these amounts of APOBEC3 proteins remaining were similar to the 17% A3F remaining compared to the amount for the no-Vif2 control, indicating that G 99 F 99 and G 120 F 120 had sensitivity to Vif2 similar to that of wild-type A3F. In contrast, G 149 F 145 was much more resistant to Vif2, since the amount of APOBEC3 protein remaining was 69% compared to the amount for the no-Vif2 control. A comparison of G 120 F 120 and G 149 F 145 indicated that A3F amino acids 120 to 145 contain determinants that confer sensitivity to Vif2. The results in Fig. 7A and B show that the G 163 F 159 chimera is also resistant to Vif2-mediated degradation and the amount of APOBEC3 protein remaining is 86% of the amount for the noVif2 control. The resistance to Vif2 conferred by G 163 F 159 indicates that A3G residues 1 to 163 and A3F residues 159 to 373 are not sufficient to confer Vif2 sensitivity and therefore are unlikely to contain the Vif2 sensitivity determinants. In contrast, the chimeras G 321 F 315 , F 248 G 257 , F 282 G 291 , F 300 G 309 , and F 314 G 322 were all sensitive to Vif2-mediated degradation. The F 282 G 291 chimera is fully sensitive to Vif2 (4% of the A3 remains relative to the amount in the no-Vif2 control), whereas the F 314 G 322 chimera is less sensitive to Vif2 (20% of the A3 protein remains relative to the amount in the no-Vif2 control), indicating that a determinant between G291 and G321 confers sensitivity to Vif2-mediated degradation. On the other hand, the F 248 G 257 chimera is fully sensitive to Vif2 (3% of A3 remains relative to the amount in the no-Vif2 control), while the G 163 F 159 chimera is quite resistant to Vif2 (86% of the A3 protein remains relative to the amount in the no-Vif2 control), indicating that other determinants between G163 and G257 are important for Vif2 sensitivity. Taken together, these results indicate that multiple determinants between G163 and G321 confer sensitivity to Vif2-mediated degradation. Identification of an A3F determinant important for Vif2-mediated degradation. To identify determinants in A3F that are important for Vif2-mediated degradation, we focused on A3F amino acids 120 to 145, since the G 120 F 120 chimera was sensitive and the G 149 F 145 chimera was resistant to Vif2. Homology alignment of A3F and A3G in this region identified several amino acids that are conserved and three regions, labeled box 1, box 2, and box 3, that are different between the two A3 proteins. As shown in Fig. 6 , the A3FϾ5A mutant, in which A3F box 1 amino acids were replaced by alanines, was sensitive to Vif2. In addition, a chimera that we previously reported (42) , in which residues 125 to 131 in box 1 of A3F were replaced by the corresponding residues of A3G, was Vif2 sensitive (Fig. 8B) . These results indicated that box 1 amino acids are not involved in Vif2-mediated degradation. Next, we found that a chimera in which the box 2 amino acids CRLS were replaced by the equivalent amino acids RSLC in A3G was sensitive to Vif2, indicating that these A3F amino acids are also not involved in Vif2 sensitivity ( Fig. 8AII and B) . Finally, we generated a chimera in which the A3F box 3 amino acids AGARV were replaced by the equivalent amino acids PRATM in A3G. Western blotting indicated that the PRATM chimera was resistant to Vif2-mediated degradation ( Fig. 8AI and C) . Single-round infection assays indicated that this chimera retained some antiviral activity, although its antiviral activity was impaired compared to that of wild-type A3F (Fig. 8D) . Importantly, the antiviral activity of the PRATM chimera was resistant to Vif2, indicating that box 3 amino acids constitute a determinant that confers sensitivity to Vif2. To further analyze the role of box 3 amino acids, single amino acid substitutions A140K, G141R, R143T, and V144M were constructed. We elected to generate an A140K substitution, because molecular modeling of A3F on the basis of the A3C structure suggested that the A140 residue is part of ␣-helix 4, and substitution with a proline would likely result in a shortening of ␣-helix 4 and a large disruption of this structure (Fig. 8AIII) (62-64) . In addition, an alternative alignment of A3F and A3G (Fig. 8AI, alignment 2) suggested that A140 could be aligned with a lysine in A3G. The sensitivity of the A3F single-amino-acid mutants to Vif2-mediated degradation was determined by Western blotting. The results indicated that the A140K and G141R substitutions were as sensitive to Vif2-mediated degradation as wild-type A3F, whereas the The predicted structure for A3F N-terminal amino acids 1 to 189 was simulated by the SwissModel server using the APOBEC3C crystal structure as a template (73) . The model shows that replacement of A140 with a proline, but not a lysine, results in shortening of helix 4. Amino acids R143 and V144, shown in fuchsia, are predicted to be part of ␤-sheet 5. (B) Sensitivity of FG 125-131 F and CRLSϾRSLC mutants to Vif2-mediated degradation. Quantitative Western blot analyses of cell lysates were performed by using an anti-FLAG antibody to detect FLAG-A3F, FG 125-131 F, or the A3F CRLSϾRSLC mutant, an anti-HA antibody to detect hVif2-HA, and an anti-␣-tubulin antibody to detect ␣-tubulin. Lanes ϩ, with Vif2; lanes Ϫ, without Vif2; triangle, lanes derived from the same blot with extraneous lanes were removed. (CI) Sensitivity of A3F box 3 mutants to Vif2-mediated degradation. Quantitative Western blots were performed as described in the legend to panel B. (CII) Quantitation of the amount of A3F remaining relative to the amount for the no-Vif2 control. The error bars indicate standard deviations from three independent experiments. (D) hVif2-HA rescue of HIV-1 ⌬Vif infectivity in the presence of A3F and its mutants. Viruses were produced and infectivity was determined as described in the legend to Fig. 2 . Data are plotted as relative infectivity levels, with the level in the absence of any A3 protein being set equal to 100%. Error bars indicate standard errors of the means (SEMs) of the results from three independent experiments. A P value of Ͻ0.05 was considered statistically significant ‫.)ء(‬ R143T and V144M substitutions were partially resistant to Vif2. The single-round infectivity assays indicated that all four singleamino-acid-substitution mutants retained their antiviral activity, and infectivity was fully restored by Vif2 in the presence of the A140K and G141R mutations and only partly restored in the presence of the R143T and V144M mutations. Taken together, these results suggest that the box 3 amino acids AGARV in A3F constitute a determinant that confers Vif2 sensitivity, with amino acids R143 and V144 playing a more important role in Vif2 sensitivity than A140 and G141.
DISCUSSION
In these studies, we aimed to gain a better understanding of the host-pathogen interactions of HIV-2 by examining the Vif2-APOBEC3 interactions using mutational analyses combined with HEK293T cell cotransfections and TZM-bl cell infectivity assays to identify amino acids critical to these interactions. This robust system was used for identification of residues critical for Vif1-APOBEC3 interactions (34, 40) that we subsequently confirmed in both T cell lines and primary CD4 ϩ T cells (41, 65) . A summary of the Vif2 interactions with human A3G and A3F and their comparison to previously determined Vif1 interactions are shown in Fig. 9A . Vif2 amino acids P16, M19, E20, P44, H45, and V47 are important for interaction with A3F, whereas the 140 AGARV 144 motif in the N-terminal half of A3F is critical for interaction with Vif2. In contrast, previous studies have shown that the highly charged 14 DRMR 17 motif in Vif1 is critical for interaction with A3F, while the 289 EFLARH 294 motif in the C-terminal half of A3F is critical for interaction with Vif1. Our results showed that G48 of Vif2 was essential for specific interaction with A3G, and analysis of GF chimeras localized the Vif2 interaction domain to amino acids 163 to 321 of A3G. Additional studies are needed to identify the specific A3G determinants that are important for interaction with Vif2. Previous studies showed that the 40 YRHHY 44 motif of Vif1 is critical for interaction with A3G and the 128 DPD 130 motif of A3G is critical for interaction with Vif1. In addition, we identified a region important for A3H-hapII neutralization that is not required for A3F or A3G neutralization. Studies conducted by us and others have determined that Vif1 also has distinct regions for the neutralization of A3F, A3G, and A3H-hapII (34) (35) (36) (37) (38) (39) . It is important to point out that it cannot be concluded that these motifs that have been identified to be critical for interaction through mutational analyses are themselves directly involved in the protein-protein interactions. Structures of Vif-A3 complexes are needed to determine whether the same motifs directly interact or indirectly affect the interactions.
Although HIV-1 and HIV-2 are both human retroviruses that are capable of causing AIDS, each of these pathogens arose via distinct zoonotic sources, and these viruses differ greatly at the molecular level and in pathogenesis. A comparison of the N-terminal amino acid sequences of Vif2 and SIVsm Vif indicates that the amino acids identified to be critical for interactions with A3G, A3F, and A3H-hapII are highly conserved (Fig. 9B) . The only exceptions are a conserved D-to-E change at amino acid 4 and an M-to-L change at amino acid 16. The high conservation of these amino acids suggests that the interactions that are critical for degradation of A3G and A3F are present in the SIVsm Vif. Consistent with this, Letko et al. recently showed that SIVsm Vif proteins can efficiently degrade human A3G (11) . The conservation of these critical Vif2 amino acids suggests that the SIVsm Vif possessed the ability to degrade human A3G and A3F, which facilitated its zoonotic transmission to humans to form HIV-2. Interestingly, it was recently determined that Vif in rhesus macaque SIV (SIVmac) adapted to better antagonize one allelic A3G variant in rhesus macaques that is insensitive to SIVsm, while it retained its ability to antagonize other rhesus macaque A3G alleles and A3G from sooty mangabeys (19) . Additional studies are needed to determine whether the amino acids that we have identified in HIV-2 Vif are also important for SIVsm Vif to induce degradation of human and sooty mangabey A3G and A3F. Finally, since the zoonotic transmission of SIVsm to rhesus macaques gave rise to SIVmac, it would be interesting to determine whether the same amino acids in SIVsm Vif are critical for inducing the degradation of rhesus macaque A3G and A3F.
Systematic studies of APOBEC3 family member expression patterns have demonstrated that in primary CD4 ϩ T cells, the major target cells of HIV infection, A3B, A3D, A3F, A3G, and A3H consistently showed moderate to significant expression, but it is less clear whether A3A and A3C can be readily expressed (66, 67) . In addition, while it seems that the levels of A3D, A3F, and A3G expression are sufficient to inhibit Vif-deficient HIV-1 in primary CD4 ϩ T cells (41, 68) , it is unknown which A3 proteins can inhibit replication of Vif-deficient HIV-2 in this cell type and whether Vif2 can counteract these antiviral proteins. The results of our studies showed that A3A was insensitive to Vif2 and A3B, which is Vif1 insensitive (43) , displayed partial sensitivity to Vif2-induced degradation. While A3A expression may be induced in CD4 ϩ T cells and dendritic cells under certain cell treatment conditions (67), other conditions indicate that induced A3A expression is poor (66) and A3B induction is only moderate (66, 67) . Interestingly, although A3D is highly sensitive to Vif1 and is targeted by Vif1 through the same motif as A3C and A3F (the EFLARH domain) (42), it was not very sensitive to Vif2, which is consistent with previous findings (69) . Although A3D expression is inducible in CD4 ϩ T cells (66) and macrophages (67) , human A3D cannot strongly inhibit Vif-deficient HIV-2 in single-cycle assays (70) . Whether A3D plays a major role in HIV-2 replication remains to be clarified. Interestingly, Vif from SIVmac, which shares the SIVsm origins with HIV-2, can degrade rhesus macaque A3D (71) . It would be interesting to determine whether human A3D and sooty mangabey A3D retained sensitivity to SIVsm Vif, as it has been previously shown that SIV Vifs can adapt to antagonize A3G variants in different hosts (19) . and alignment of the N-terminal 60 amino acids of HIV-2 Vif and SIVsm strain pbj14 Vif (B). Red letters, amino acids critical for specifically inducing the degradation of A3F; green letter G, G48, which is critical for inducing the degradation of A3G; blue letters, a multiple-alanine mutant (W49, A50, W51ϾASA) that was defective in inducing degradation of A3H-hapII.
As with Vif1, A3C and A3G can be targeted by Vif2 for efficient degradation, while A3F is also sensitive, albeit to a lesser extent. Our results also indicate that A3H-hapII is efficiently degraded by the Vif2 used in our studies (derived from HIV-2 ROD12 ). Because A3H-hapII sensitivity to Vif1 is dependent on the subtype from which Vif1 is derived (35, 72) , it would be interesting to determine whether A3H-hapII is sensitive to other Vif2 variants as well.
Interestingly, Vif2 binding was readily detected by Western blotting for all APOBEC3 proteins except A3A, despite the differences in Vif2-induced degradation. It is possible that interaction with another host factor, such as CBF␤, is required for inducing degradation and that the interaction with a putative host factor occurs for some APOBEC3 proteins but not others. An alternative possibility is that after binding to Vif2, APOBEC3 proteins have to undergo a conformational change that induces ubiquitination and degradation, and this conformational change occurs with some APOBEC3 proteins but not others. These experiments provide insight into the A3 proteins that can be targeted by Vif2, and it would be interesting to determine which of these proteins can inhibit the replication of HIV-2 and induce hypermutation ex vivo.
Our results showed that the residues in A3F and A3G that are critical for inducing degradation by Vif1 are dispensable for inducing degradation by Vif2. Letko et al. recently reported that A3G amino acid P129 is an important determinant for degradation by SIVsm Vif, which is the ancestor of Vif2, on the basis of the observation that a P129D mutant of A3G is resistant to SIVsm Vif-mediated degradation, and its association with SIVsm Vif as well as Vif2 is reduced (11) . Our results confirmed that the P129D mutant is resistant to Vif2 and inhibits viral replication in the presence of Vif2. However, we also observed that P129A was sensitive to Vif2, as were other Vif1-resistant mutants, D128K, GFG2, and A3GϾ5A. Furthermore, analysis of GF chimeras showed that the Vif2 sensitivity domain of A3G resides between residues 163 and 321. Taken together, these results suggest that Vif2 can readily induce degradation when the Vif1 interaction domain is mutated in A3G and that Vif2 interacts with A3G in a manner distinct from the interaction with Vif1. The observation by Letko et al. (11) and our studies indicate that the P129D mutant is indeed partially resistant to Vif2-induced degradation. The mechanism by which the P129D residue confers partial Vif2 resistance is not clear and needs to be investigated further. Alternative possibilities are that addition of another aspartic acid within this negatively charged motif either alters the dimerization of A3G proteins or alters their conformation, which affects Vif2 binding at a distal site. In this regard, Compton and Emerman (12) recently reported that the P129 residue is conserved in numerous species of Old World monkeys (OWMs); despite this conservation, the A3G proteins from the African green monkey (Chlorocebus sabaeus) and the mantled colobus monkey (Colobus guerza) are resistant to degradation by Vif2. Furthermore, Vifs from SIVs of the same lineage as HIV-2, SIVsm and SIVmac, had variable activity against A3Gs from diverse OWM species, despite the ubiquitous P at position 129. These results, along with our results with the P129A mutant and the GFG2 mutant in which P129 was replaced by R, strongly suggest that the identity of the P129 residue is not critical for A3G's sensitivity to Vif2.
Similar to the interactions of A3G with Vif1 and Vif2, the interactions of A3F with Vif1 and Vif2 are also distinct. (40) . In summary, HIV-1 and HIV-2 can both target APOBEC3s via their Vif proteins. Although each Vif protein has distinct recognition sites to specifically target A3F and A3G, the sites in A3F and A3G recognized by these two dissimilar Vifs are distinct. Although it is likely to require future studies with additional extensive mutational analysis, it will be interesting to determine the exact site(s) in A3G that is targeted by Vif2.
